Major accident prevention and preparedness involve the determination of a toxic substance expected or actual release dispersion in the atmosphere, i.e., mathematical modeling of liquid mechanics phenomena. Nowadays, statistical mathematical models are usually used to model simulations of emergency situations in facilities in urban areas or in industrial complexes. Numerical CFD codes have been used mostly for specialized and detailed spatial analyses of physical and chemical phenomena and situations in enclosed spaces. With increasing computing power, these models are beginning to be applied also to complex problems in open spaces, including chemical accidents. Statistical and dynamic models give different results as the principles of the two methods, and the quantity and types of input parameters are different.
Introduction
Mathematical modeling of the species dispersion in the atmosphere has been long used to model concentrations or transport of air pollutants emitted from industrial air pollution sources. In chemical accident prevention, it is increasingly often used to model short-term phenomena, i.e., dispersion of toxic gases after their accidental release. The EU Seveso II Directive No. 96/82/ES in Article 12 stipulates the duty to include major accident prevention in land-use planning, and to draw up external emergency plans in Article 11. The new EU Directive 2012/18/EC reiterates the two obligations. Meeting both the requirements is not possible without modeling the extent of toxic effects of escaped pollutants, i.e., mathematical modeling of their dispersion. A similar need to model dispersion after accidental release occurs in other facilities containing toxic substances (ammonia refrigeration or chlorine disinfection systems). Therefore, a question arises concerning suitability of different modeling principles in major accident prevention. The problem was studied by comparing two standard model methods.
The movement and dispersion of ammonia plume, and the reach of ammonia dangerous concentrations after its accidental discharge from an ice arena in a complex urban area was mathematically modeled. A model of a real terrain surrounding the ice arena was created for this purpose and real meteorological input data were used. Ammonia accidental release parameters were based on expert estimates, taking into consideration real arrangement of the ammonia refrigeration system in the ice arena, existing security measures and the amount of gaseous ammonia involved in the accident. The modeling results will be used to optimize the deployment of ammonia detectors installed as a part of the early warning system in the ice arena close proximity, thereby to increase the safety of the public in the vicinity of the object.
Statistical model -ALOHA software
Statistical mathematical models were represented by ALOHA 5.4.3 (Areal Locations of Hazardous Atmospheres) [1] , an atmospheric dispersion modeling program used for impact evaluation of chemical accidents. The program is noncommercial and freely available on the internet. Some input data are partly preset by means of typical situations of hazardous substance accidental releases or atmospheric stability classes by Pasquill-Giffort. The program can be used to model toxic gas dispersion, fire, or explosion. To calculate toxic gas dispersion the program uses two models: Gaussian and heavy gas. The heavy gas model is used when the molar mass of the dangerous substance is greater than that of the substance (gas) filling the ambient atmosphere (air) or when the temperature of the dangerous substance is lower than the ambient temperature. For all other situations Gaussian model is used. The ALOHA 5.4.3 chooses suitable model itself or the model can be manually selected by the investigator. Modeling results are expressed as iso-lines of dangerous substance concentrations that demarcate 2D map area and determine dangerous zone borders according to the investigator's input.
Statistical models are based on the application of the turbulent diffusion statistical theory. Diffusion of pollutants from a point source is described by a simplified "diffusion equation" that can be solved analytically. Turbulent diffusion follows normal (Gaussian) distribution. The calculation procedure is less time-consuming and costly, but the results for emission source proximities, broken terrains and low flow velocities are unreliable. At zero flow velocity the diffusion equation has no solution.
CFD numerical model -ANSYS Fluent software
CFD (Computational Fluid Dynamics) codes are represented by ANSYS Fluent version 13.0 [4] . It is a sophisticated commercial software tool for fluid mechanics and heat transfer computations. It offers a wide range of sub-models, corresponding input data sets and options. Models included in the software are based on numerical solution of systems of partial differential equations that express the law of conservation of mass (continuity equation), the law of conservation of momentum (Navier-Stokes equations) and the law of conservation of energy (energy equation). This basic set of equations can be supplemented by additional equations that express heat transfer (heat transfer equations -convection, conduction or radiation), or species transport (species transport equations -gas, liquid or solid). The system of equations is then solved with an appropriate numerical method; in this case, with the finite-volume method. The model computes in both 2D and 3D geometries. Calculation results can be visualized as filled or unfilled contours of physical fields, iso-surfaces, animations, 2D value diagrams or numerical data sets.
The continuity equation, Navier-Stokes equations and energy equations are used to calculate the air turbulent flow field. The species transport equation applies to gas pollutant release (e.g., Kozubkova [2] , Bojko [3] ).
Continuity equation for compressible fluid flow
The continuity equation expresses the law of conservation of mass. For unsteady (time-dependent) compressible fluid flows, it can be written in differential form as 
where ρ is the fluid density [kg.m 
where j u represents time-averaged flow velocity components [m.s -1 ]. The exact equation for ε can be deduced from the Navier-Stokes equations and written as 
where v C is an empirical constant [ -].
Energy equation
The energy equation expresses the law of conservation of energy. According to this law, the change in total energy of the fluid E [J.kg 
where i Y ′ is the time-averaged species i′ product mass fraction [ -] and t Sc is the Schmidt turbulent number [ -] (preset at the default value of 0.7).
Input data
The input data for calculation with ALOHA 5.4.3 [1] were defined from meteorological data provided by the Czech Hydrometeorological Institute (CHMI). The data represent mean values of meteorological variables measured over the period 2006-2011. The parameters for accidental release (source) of ammonia were based on a qualified estimate derived from documents provided by the ice arena safety engineer. 
IDLH: 300 ppm
The input data for calculation with ANSYS Fluent 13.0 [4] were also defined from meteorological data provided by the Czech Hydrometeorological Institute (CHMI) [5] . The parameters for accidental release (source) of ammonia were also based on a qualified estimate derived from documents provided by the ice arena safety engineer. The boundary conditions for the geometry were defined by atmospheric pressure of 101 325 [Pa], the wind speed, the turbulent kinetic energy, the turbulent dissipation velocity and the air temperature profiles. The wind speed profile was defined as First, the calculation of the turbulent airflow field was performed as stationary (time-independent) task. Then, the source of gas pollutant was activated in the model and the task was completed as non-stationary (time-dependent). The air flow field was modeled using the RNG k-ε model of turbulence and Species transport model [4] was used for species motion and dispersion modeling. For the purpose of the analysis, the CFD ANSYS Fluent 13.0 software had been verified in a wind tunnel (e.g., Zelinger [8] ) on a gas motion and dispersion task.
Results
The ALOHA 5.4.3 results were exported in KML-format for Google Earth [7] and implemented into aerial maps of the target area as iso-lines of gas ammonia (see Figure 1) . The iso-line represents the thread zone border for PAC-1 acute toxicity threshold (gas ammonia concentration of 30 [ppm] ) and the thread zone border for ERPG-2 acute toxicity threshold (150 [ppm] ). The situation was evaluated 10 minutes after the beginning of the accidental release. The obtained results are probably overestimated for the following reasons: In ALOHA 5.4.3, gas mixtures cannot be defined, or rather, the mix components cannot be separately evaluated. It is therefore necessary to define only proportional quantity of fresh medium in the source, which in turn affects its further dispersion. Besides, the specific impact of buildings on the pollutant plume diffusion and dispersion cannot be modeled.
The ANSYS Fluent 13.0 results were visualized as contours of species (ammonia) concentrations in two-dimensional cut planes of three-dimensional geometry at a height of 1.5 m above the ground (breathing zone). PAC-1 and ERPG 2 acute toxicity thresholds were again used for evaluation. Unlike ALOHA 5.4.3, ANSYS Fluent 13.0 makes possible to define gas mixtures and observe the mix components separately. It also contains turbulence models that allow for the effects of mechanical turbulence from surrounding buildings on the motion and diffusion of the gas pollutant plume (see Figure 2 ). The differences between the two results are obvious. The same study was performed for eight cardinal directions and two seasons. Due to limited space, only one example is presented in this article.
Figure 2:
Gas ammonia thread zones modeled with ANSYS Fluent 13.0.
Comparison of the results and mathematical bases of the statistical and the CFD model showed that the statistical model outputs for different directions, that is, under different conditions of the flowed around objects, differ only slightly in a complex urban area, even with real meteorological data. On the other hand, the CFD model shows great differences in distances and spatial distribution of gas concentrations, including iso-lines of endpoints, for different directions of the air flow. Figure 1 and Figure 2 illustrate two variants of the example (two wind directions at different air flow velocities). It also emerged that in contrast to statistical models where the highest concentrations are always found in immediate vicinity of the source, the CFD model was capable to capture situations where the flow around obstacles cause dangerous concentrations to be found farther away from the source (depending on the terrain and buildings).
Discussion
Comparison of statistical and CFD models showed significant differences between the results of the two models. It also showed differences between the www.witpress.com, ISSN 1743-3509 (on-line)
WIT Transactions on The Built Environment, Vol 134, © 2013 WIT Press results of CFD modeling for different directions, that is, in different terrains. This is the factor that most statistical models cannot allow for. CFD models offer higher accuracy of results, better evaluation of the pollutant concentration spatial distribution and overall better regard for complex terrains. Statistical models, however, have the advantage of providing results quickly and, unlike CFD models, many of them, including the ALOHA 5.4.3 program, have an integrated source term to estimate the extent of the release to the atmosphere as well as a database of physicochemical and toxicological properties of common substances.
As regards application in practice, an important question arises: Which model is more suitable for various land-use planning and crisis management decisionmaking processes? Also, the fact must be taken into account that weather conditions, and thus the size of the thread zone, change significantly with time. Although the objectives of land-use planning and crisis management are varied, modeling of typical pre-agreed scenarios with statistical models should be sufficient for land-use planning. As the potential of CFD modeling is growing, CFD modeling is more suitable for emergency planning, whether with regard to early warning of the public (installation of detectors), recommended behavior of citizens or intervention in case of emergency. It is therefore advisable to gradually move to CFD models in modeling of critical facilities and critical situations involving threats to many citizens.
Conclusion
The ALOHA 5.4.3 statistical model is not suitable for modeling of accidental releases of gas mixtures in urban areas or complex terrains. The reason is considerable simplification of both inputs and results that can lead to misleading conclusions for these complex conditions. The model generally overestimates the calculation results and presents misleading gas pollutant plume shapes and sizes. It does not consider the influence of mechanical turbulence from surrounding terrain (buildings), it cannot model gas mixtures, the models are only in 2D, and it shows limitations and inaccuracies at low flow velocities or in proximities of pollutant sources. Statistical models of this type are an excellent tool for initial rough estimate of accident consequences for a simple flat terrain and greatly simplified conditions for input data enter. They are not suitable for accurate analyses in urban areas.
The ANSYS Fluent 13.0 numerical CFD model models situations in 3D with a wide range of input data and evaluation tools. It is very suitable for detailed analysis in complex geometries with the option of including a large number of simultaneously acting physical and chemical processes. Thanks to increasing computing power, these types of models are becoming available to researchers who need more accurate results quickly. According to the authors, the numerical models represent a likely future of modeling not only in safety or environmental protection. As regards application in practice, statistical models can be recommended for use in land-use planning even for complex urban environments. It is, however, necessary to achieve a situation where CFD models are used for the purposes of emergency planning and crisis management.
